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with ﬂow cell and Propella™ bioreactors
Lúcia Chaves Simões, Manuel Simões and Maria João VieiraABSTRACTMonitoring of drinking water (DW) bioﬁlm formation under different process conditions was
performed using two distinct bioreactors: a Propella™ and a ﬂow cell system. Bioﬁlms were grown
on polyvinyl chloride (PVC) and stainless steel (SS) coupons under laminar (Reynolds number: 2000)
and turbulent (Reynolds number: 11000) ﬂow. The parameters analysed were the numbers of total
and cultivable bacteria. The impact of different process conditions was assessed after the bioﬁlms
reached steady-state. The number of total bacteria was mostly higher than those cultivable. Bioﬁlm
steady-state was achieved in 3 days in both bioreactors with adhesion surfaces under turbulent ﬂow.
Under laminar ﬂow it was only achieved in 6 days. The numbers of total and cultivable bacteria in
turbulent ﬂow-generated bioﬁlms were similar in both bioreactors, regardless of the adhesion
surface tested. Under laminar ﬂow, the Propella™ bioreactor allowed the formation of steady-state
bioﬁlms with a higher number of total and cultivable bacteria than the ﬂow cell system. Comparing
the effects of the ﬂow regime on bioﬁlm accumulation, only turbulent ﬂow-generated bioﬁlms
formed on the ﬂow cell system had a higher amount of total and cultivable bacteria than those formed
under laminar ﬂow. In terms of adhesion surface effects, a higher number of total and cultivable cells
were found on PVC surfaces compared to SS when bioﬁlms were formed in the ﬂow cell system.
Bioﬁlm formation on PVC and SS was similar in the Propella™ system for both ﬂow regimes.doi: 10.2166/ws.2011.139Lúcia Chaves Simões (corresponding author)
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water (DW), following treatment, is one of the main goals
that both DW companies and governments worldwide try
to achieve, and represents one of the cornerstones for the
maintenance of high standards of public health (Szewzyk
et al. ; Deines et al. ). However, the occurrence of
waterborne diseases by ingestion of contaminated DW is
still a major economic and, in some cases, social burden
all around the globe. According to the World Health Organ-
ization, diseases associated with unsafe water, sanitation
and hygiene cause approximately 1.7 million deaths each
year (Prentice ). Disinfectant residuals, typically chlor-
ine based, are normally used to reduce the numbers of
microorganisms in drinking water distribution systems
(DWDS). Nevertheless, increases in microbial numbersduring distribution of DW have long been recognized
(Baylis et al. ), with microbial mediated processes con-
tributing to the deterioration of water quality (Camper
; Emtiazi et al. ).
Bioﬁlms are suspected to be the main source of micro-
organisms, including pathogens, in DWDS that are fed
with treated water (LeChevallier et al. ; Percival &
Walker ; Szewzyk et al. ; Batté et al. ;
Codony et al. ). The microorganisms in bioﬁlms have
a number of advantages over their counterparts, namely
the production of an extracellular polymeric matrix that
enables resistance to a number of control strategies (anti-
microbial agents and shear stress conditions) (Simões
et al. a, b, a). Although DWDS disinfection signiﬁ-
cantly reduces the numbers of planktonic bacteria, it has
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(Gagnon et al. ).
The dynamics of microbial growth in DW networks is
very complex, as a large number of interacting processes
are involved. Even though numerous environmental factors
will inﬂuence bioﬁlm formation in DWDS, including water
temperature and pH, disinfectant type and residuals (Lund
& Ormerod ; Gagnon et al. ), organic matter
(Norton & LeChevallier ), nutrient concentrations
(Volk & LeChevallier ; Chu et al. ), surface material
(Camper et al. ) and hydraulics (Lehtola et al. ), a
complete understanding of how these factors act in concert
to inﬂuence and control compositional changes during bio-
ﬁlm formation and detachment within DWDS remains a key
challenge. The amount of bioﬁlm in a given system after a
certain period of time depends on a dynamic bioﬁlm for-
mation process, which has been deﬁned as the balance
between bacterial attachment from the planktonic phase,
bacterial growth within the bioﬁlm and bioﬁlm detachment
from the surface (Stoodley et al. ). When that balance is
null, the bioﬁlm is said to have reached a steady-state. The
ﬁnal amount of bioﬁlm in that state, which can be assessed
by cell counts or bioﬁlm mass, is directly related to the bio-
ﬁlm formation potential of that system (van der Kooij ).
Research on DW bioﬁlms has been performed in a wide
variety of systems or bioﬁlm monitoring bioreactors that
should mimic the in situ situations with reproducible
results; thus, important information is assessed about bio-
ﬁlm behaviour within the real DWDS. Several bench-top
laboratory bioﬁlm reactor systems, such as the rotating
disc reactor (Murga et al. ; Möhle et al. ), the
CDC bioﬁlm reactor (Goeres et al. ), the bioﬁlm annular
reactor (Batté et al. a, b), the Propella™ reactor (Parent
et al. ; Appenzeller et al. ), the Robbins device
(Manz et al. ; Kalmbach et al. ), the modiﬁed Rob-
bins device (McCoy et al. ; Kharazmi et al. ;
Millar et al. ), ﬂow cell systems (Simões et al. ),
the Prévost coupon (LeChevallier et al. ; Prévost et al.
), the Bioprobe monitor (LeChevallier et al. ), the
Pipe sliding coupon holder (Chang et al. ), the bioﬁlm
sampler (Juhna et al. ) and PWG coupon (Deines
et al. ), have been used for studying DW bioﬁlms. The
complexity of the microenvironment under study and even
the use of different methodologies and bioﬁlm reactorsystems has led in some cases to ambiguous or not easily
comparable results. However, most studies assess only one
variable at a time (Pedersen ; Rogers et al. ; Kerr
et al. ; Niquette et al. ; Zacheus et al. ;
Dunsmore et al. ; Soini et al. ), and apart from
notable exceptions (Block et al. ; Stoodley et al. ;
Simões et al. ), few attempts have been made so far to
study their inter-relationships and compare the relative
importance of these different factors.
The purpose of the present study was to evaluate bioﬁlm
formation by DW autochthonous bacteria on stainless steel
(SS) and polyvinyl chloride (PVC), two support materials
commonly used on DW networks, under different water
ﬂow rates, using a Propella™ bioreactor and the ﬂow cell
system. These bioreactors provide effective equipment to
permit bioﬁlm growth in a potable water system under
environmental conditions mimicking real scenarios. The
use of granular activated carbon (GAC) upstream of the bio-
ﬁlm bioreactors allows their inoculation with uniform cell
densities under the low nutrient conditions encountered in
DW (Morin & Camper ). This strategy avoids heterogen-
eity in results from independent experiments.MATERIAL AND METHODS
Bioreactors and bioﬁlm monitoring
Monitoring of DW bioﬁlm formation under different con-
ditions was performed using two distinct bioreactors: ﬂow
cell system and Propella™. The conﬁgurations of these bio-
reactors are presented in Figure 1.
Bioﬁlms were grown on PVC and SS ASI 316 2R cou-
pons. The water ﬂow rate through the bioreactors was
controlled by recirculating the water by means of centrifugal
pumps (ﬂow cells) or by means of a motor and a propeller
for water agitation (Propella™). The bioﬁlms were devel-
oped under laminar (Reynolds number: 2000) and
turbulent (Reynolds number: 11000) ﬂow. Temperature in
both bioreactors was maintained at 20± 1 WC by an external
refrigeration mechanism (Thermomix® BU, B. Braun –
Biotech SA) in order to simulate the conditions found in
real DWDS.
Figure 1 | Experimental set-ups, showing the GAC ﬁlter columns and the ﬂow cell system (a); and the Propella™ bioreactor (b).
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the duct design, using the hydraulic equivalent diameter
(Dh), deﬁned as (Tosun et al. ):
Dh ¼ 4 × Flowarea=wetted perimeter (1)
For the ﬂow cell system:
Dh ¼ 4 × (π=8 × d2)=(π=2 × dþ d) (2)
where d is the semicircular duct diameter (1 cm).
For the Propella™ bioreactor:
Dh ¼ (d1  d2)
where d1 is the internal diameter of the external cylinder
(9.34 cm) and d2 is external diameter of the internal cylinder
(7.25 cm).
The Reynolds number, based on the hydraulic
diameter, is:
Re ¼ (Dh × u × ρ)=μ (3)
where u is the ﬂow velocity (m/s), ρ is the ﬂuid density (Kg/
m3) and μ the ﬂuid viscosity (Kg/m.s). For this study, theﬂuid characteristics were considered for water at the oper-
ational temperature.
The bioﬁlm experiment was carried on for at least 2 days
after the bioﬁlm reached a steady-state (considered to occur
when constant over time values were obtained both for
coloning forming units (CFU) and total bacterial cell
counts (TB)), after which the experiment was terminated
and the bioreactors disinfected.
Drinking water source
The DW source was from the public network in Braga
(northern Portugal). Brieﬂy, tap water (9± 4 CFU ml1
and 1 × 105± 3 × 104 TB ml1) was collected in a reservoir,
which was connected to one of two consecutive GAC
ﬁlter columns. It has been shown elsewhere that the ﬁrst
GAC ﬁlter eliminates free chlorine and biodegradable
matter contained in the tap water, while the second is a bio-
logical activated ﬁlter providing a continuous bacterial
inoculum to the bioreactor (Morin & Camper ). To
avoid the presence of large carbon particles released from
the columns, two ﬁlters (pore sizes 20 and 5 μm) were
placed between the second GAC ﬁlter and the mixing
tank. This tank supplied a constant inoculum (6 × 104±
2 × 104 CFU ml1 and 1 × 106± 2 × 105 TB ml1) at a ﬂow
rate of approximately 0.02 l h1 into each of the ﬂow cells
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quate dilution rate, similar in both bioreactor systems.
Absence of free chlorine in the mixing tank was certiﬁed
by regular sampling, using a free chlorine ion speciﬁc
meter HI-93701 (Hanna Instruments, USA).
Flow cell system
The ﬂow cell bioreactor is a pipe, with half-circle section, and
adhesion coupons are placed on its inner ﬂat surface. The
ﬂow cell may be directly connected to the tap and operates
as a plug ﬂow reactor or connected to a vessel that recircu-
lates the water approaching a perfectly mixed reactor. This
reactor system was designed to uncouple system residence
time and ﬂuid velocity by allowing water recirculation
between the ﬂow cell unit and a vessel. In the ﬂow cell bio-
reactor, several coupons, with adhesion materials, are
attached to the inner surface and may be replaced gradually
without affecting the remaining system.
In this study, two ﬂow cells were used in parallel,
according to the procedure described by Pereira et al.
(). Each one consists of a semicircular perspex duct
43 cm in length and with 1 cm of equivalent diameter
(internal diameter of the half cylinder is 1.6 cm), where
the bioﬁlm coupons can be inserted. These rectangular cou-
pons (2.4 cm length × 1.4 cm width), consisting of either SS
or PVC, were glued to pieces of perspex that could be prop-
erly ﬁtted in the apertures. Bioﬁlms were formed on those
coupons whose upper faces were in contact with the tap
water circulating in the ﬂow cell reactor system. It was poss-
ible to remove each of the rectangular coupons separately
without disturbing the bioﬁlms formed on the others and
without stopping the ﬂow. This was managed because
outlet ports were disposed on the round face of the ﬂow
cell between each two adjacent removable pieces of perspex
which allowed the deviation of the circulating ﬂow from the
point where the reactor was opened.
Propella™ bioreactor
The Propella™ bioreactor is a perfectly mixed continuous
reactor in which a propeller pushes the liquid down through
the internal tube (external diameter of 7.25 cm) and up
through the annular section between the two tubes (internaldiameter of 9.34 cm). The ﬂow rate inside the pipe was con-
trolled by the rotation speed of the propeller and the
residence time is proportional to the fresh inlet ﬂow rate.
In this reactor, the internal velocity and the hydraulic resi-
dence time may be chosen independently.
In this study, the Propella™ was made essentially of
PVC and allowed 20 screwed bioﬁlm sampling points to
be placed in the inner reactor surface. On each sampling
port, a circular coupon of SS and PVC surface material
was glued. Bioﬁlms were formed on those coupons whose
upper faces were in contact with the tap water circulating
in the bioreactor.
Bioﬁlm sampling
Bioﬁlm sampling was made from the top to the bottom of
the bioreactors under aseptic conditions and the coupons
removed were substituted with new ones that were pre-
viously cleaned, immersed in ethanol (70% v v1) for
30 min, and rinsed in sterile distilled water. The removed
coupons were gently washed with sterile sodium phosphate
buffer (pH¼ 7.0) to remove loosely attached microorgan-
isms and scraped with a scalpel into 15 ml glass tubes
containing 10 ml of sterile phosphate buffer. Before serial
dilutions, bioﬁlm suspensions were vortexed for 2 min and
used to assess both CFUs and TB.
Cultivable and total cell counts
CFUs were evaluated by standard culture on R2A (Oxoid,
UK) prepared according to the manufacturers instructions.
Triplicate plates were used for each dilution and for each
sampling time. CFUs were counted after 15 days of incu-
bation at 20± 3 WC, and the results were expressed as CFU
cm2. TB were obtained by ﬁltering the adequate volume
(up to 10 ml as a function of the bacterial concentration)
through a 25 mm black Nucleopore® polycarbonate mem-
brane with a pore size of 0.2 μm (Whatman, UK). Before
the ﬁltration step, 2% (v v1) formaldehyde (Merck,
Germany) was added to the solution for sample ﬁxation
and preservation. After ﬁltration, cells in the membrane
were stained with 100 μg ml1 of 4,6-diamino-2-phenylin-
dole (DAPI) (Sigma, Portugal) for 5 min and the
preparations were stored at 4 WC for up to 7 days in the
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escence was noticed during this time span. Cells were
visualized under an epiﬂuorescence microscope (Carl
Zeiss, Germany) equipped with a ﬁlter sensitive to DAPI ﬂu-
orescence (359 nm excitation ﬁlter in combination with a
461 nm emission ﬁlter). A total of 20 ﬁelds were counted
and the average of three membranes was used to calculate
total cells per cm2.Statistical analysis
Paired t-test analyses were performed to estimate whether or
not there was a signiﬁcant difference between the results
obtained. Statistical calculations were based on a conﬁdence
level equal or higher than 95% (a P value <0.05 was con-
sidered statistically signiﬁcant).RESULTS AND DISCUSSION
Bioﬁlm formation is a signiﬁcant problem in a wide variety
of ﬂuid handling systems. In DWDS the presence of bioﬁlms
can compromise the ﬁnal product quality and public health
safety (Simões et al. b). Due to the complexity of these
systems, the in situ study of bioﬁlms in DWDS is almost
impossible. Therefore, the use of bioreactors is a key strategy
to understand the dynamics of bioﬁlm formation under par-
ticular environmental conditions. In this study, a ﬂow cell
system and a Propella™ bioreactor were used to monitor
bioﬁlm formation from DW bacteria to PVC and SS sur-
faces, under two distinct hydrodynamic conditions. The
ﬂow cell system operates in vertical position in a continuous
recycling mode, and provides controlled environmental con-
ditions for the study of DW bacterial adhesion and bioﬁlm
formation. The Propella™ bioreactor also provides an effec-
tive way to permit bioﬁlm growth in a potable water system.
The water within the reactor is perfectly mixed and ﬂows
along the vessel in the same way as water does in a real
pipe. This is due to the internal propeller, the speed of
which controls the ﬂow rate close to the reactor walls. In
both reactors, the design of the sampling ports allows cou-
pons to be added and removed without emptying or even
stopping the system. This means that the reactor can operatefor long term studies with coupons being constantly added
and removed with little or no disruption of the system.
In this study, bioﬁlm accumulation in all experiments,
expressed both in CFU and TB, increased markedly in the
ﬁrst few days, following a sigmoidal curve (Figure 2). Bioﬁlm
steady-state was achieved 3 days after the starting of operat-
ing conditions for turbulent ﬂow conditions and for both
bioreactors and adhesion surfaces. Under laminar ﬂow con-
ditions, it was only achieved 6 days after. Steady-state
conditions were considered when the numbers of CFU or
TB were statistically similar over time (P> 0.05). For those
cases, the number of total bacteria was invariably higher
than the cultivable cells (differences always higher than
2 log). The heterotrophic plate count is the reference pro-
cedure for estimating the number of viable heterotrophic
bacteria in water and measuring quality changes during
water treatment (APHA, AWWA & WPCF ). This
method only includes the assessment of cultivable bacteria
which are able to initiate cell division at a sufﬁcient rate
to form colonies, being very sensitive to culture conditions
(temperature, media, duration of incubation, etc.) and
responses may require from 24 h to more than 1 week. It
has long been recognized that the use of culture-based enu-
meration techniques may signiﬁcantly underestimate the
actual numbers of the viable population. Several reasons
may account for this difference: the presence of starved or
injured cells or potentially viable but non-cultivable cells
that are not able to initiate cell division at a sufﬁcient rate
to form colonies; inadequate culture conditions; aggregation
of bacteria that can lead to the formation of one colony from
more than one cell, thereby underestimating the total
number of cells (Banning et al. ). For comparative pur-
poses, the bioﬁlm population was characterized in terms
of TB (both viable and non-viable bacteria) using the
DAPI stain and epiﬂuorescence microscopy. This method
is interesting to assess the overall cell population, but does
not provide information on the bacteria that survived the
DW disinfection process and that are able to multiply.
Total and cultivable bacteria in turbulent ﬂow-generated
bioﬁlms were similar in both bioreactors, regardless of the
adhesion surface (P> 0.05). This result suggests that
increased hydrodynamic stress favours bioﬁlm bacteria cul-
tivability. In fact, studies analysing the electron transport
system have shown that high shear stress can stimulate
Figure 2 | Bioﬁlm accumulation over time (TB and CFU) on SS and PVC surfaces. (a) turbulent ﬂow and (b) laminar ﬂow in the ﬂow cell system. (c) turbulent ﬂow and (d) laminar ﬂow in the
Propella™ bioreactor. SS/TB; SS/CFU; PVC/TB; PVC/CFU. The means± standard deviations for at least three replicates are illustrated.
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conditions may determine the rate of transport of cells,
oxygen and nutrients to the surface, as well as the magnitude
of the shear forces acting on a developing bioﬁlm, with tur-
bulent hydrodynamic conditions allowing the formation of
bioﬁlms with higher cell density (Simões et al. c).
Vieira et al. () found that mass transfer limitations
existed to a higher extent in bioﬁlms formed under laminar
ﬂow than for turbulent conditions. Other authors (Stoodley
et al. ; Wäsche et al. ) have also demonstrated the
correlation between nutrient mass transfer in bioﬁlms and
ﬂow velocities. Consequently, the higher transport of sub-
strate and oxygen, even if at very low levels in DWDS,
from the ﬂuid to the bioﬁlm (mass transfer effects) should
favour microbial metabolism and cell replication. Compar-
ing the effects of the ﬂow regime on bioﬁlm accumulation,
only in the ﬂow cell system was it found that turbulent
ﬂow-generated bioﬁlms had a higher amount of total and
cultivable bacteria than those formed under laminar ﬂow
(P< 0.05). This result is in agreement with previous studies(Stoodley et al. ; Simões et al. c), with single and
mixed species bioﬁlms formed on ﬂow cell systems, showing
that bioﬁlms formed under turbulent ﬂow had a signiﬁcant
higher cell density than laminar counterparts. Turbulent
and laminar ﬂow-generated bioﬁlms formed on the Pro-
pella™ bioreactor had comparable cell densities (P> 0.05).
Moreover, the Propella™ system allowed the formation of
steady-state laminar ﬂow-generated bioﬁlms with a higher
number of total and cultivable bacteria than those formed
on the ﬂow cell system (P< 0.05). In fact, there are signiﬁ-
cant differences in the design of the bioreactor systems
used that can account for the differences obtained. For
example, hydrodynamic stress is obtained by distinct mech-
anisms when using a Propella™ bioreactor (agitation by
means of a rotating device system) and the ﬂow cell
system (ﬂuid ﬂow). Under the hydrodynamic conditions
studied, a fully developed/uniform ﬂow, mimicking the
DWDS, is more likely to be achieved in the ﬂow cell
system. Teodósio et al. () demonstrated full development
of the ﬂow by analysis of velocity proﬁles and by monitoring
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system. One of the key reactor design issues concerns the
inlet conditions which dictate the length required for ﬂow
development (Bakker et al. ). However, further work
is required to characterize the ﬂuid dynamics inside the
reactors. In terms of adhesion surface effects, in the ﬂow
cell system bacteria formed bioﬁlms with higher cell den-
sities on PVC surfaces compared to SS (P< 0.05). Bioﬁlm
formation on PVC and SS was similar (P> 0.05) in the Pro-
pella™ bioreactor, regardless of the ﬂow regime. In a
previous study (Simões et al. b), it was demonstrated
that the tested materials had similar physico-chemical
characteristics, such as hydrophobicity, and both are prone
to colonization by DW isolated bacteria. Consequently,
taking into account the physico-chemical characteristics,
low bioﬁlm data variability was expected as a consequence
of the adhesion surface differences.CONCLUSIONS
The development and validation of reliable bioﬁlm moni-
toring techniques is required in order to mimic real
environmental situations using laboratorial systems. This
work demonstrates that distinct bioreactor conﬁgurations
provide different bioﬁlm data. In fact, the use of PVC or SS
as adhesion surfaces and distinct hydrodynamic conditions
lead to bioﬁlm accumulation variability in terms of CFU
and TB when using the Propella™ or ﬂow cell bioreactors.
Moreover, this study highlights the need for a deeper under-
standing of how the large spectrum of conditions interact
and affect bioﬁlm formation potential and accumulation
with the ﬁnal purpose of predicting the total and cultivable
bacteria attached to real DW distribution pipes, based on
the system characteristics. Although the practical use
of these conclusions by DW network companies is still lim-
ited, the information provided here demonstrates the
potential of the ﬂow cell system and Propella™ bioreactors
for DWbioﬁlmmonitoring andmight be a prospective frame-
work for future studies on bioreactors and DW bioﬁlms. It
should be emphasized that taking into account previous
studies, a fully developed ﬂow was only characterized for a
ﬂow cell system, proposing that this bioreactor can simulatethe ﬂuid dynamics found in DWDS more accurately than
the Propella™ bioreactor.ACKNOWLEDGEMENTS
The authors acknowledge the ﬁnancial support provided by
the Portuguese Foundation for Science and Technology
(SFRH/BPD/81982/2011 – Lúcia C. Simões).REFERENCESAPHA, AWWA & WPCF  Standard Methods for the
Examination of Water and Wastewater, 18th edition. APHA,
Washington, DC, p. 1527.
Appenzeller, B. M. R., Batté, M., Mathieu, L., Block, J. C.,
Lahoussine, V., Cavard, J. & Gate, D.  Effect of adding
phosphate in drinking water on bacterial growth in slightly
and highly corroded pipes. Water Res. 35, 1100–1105.
Bakker, D. P., van der Mats, A., Verkerke, G. J., Busscher, H. J. &
van der Mei, H. C.  Comparison of velocity proﬁles for
different ﬂow chamber designs used in studies of microbial
adhesion to surfaces. Appl. Environ. Microbiol. 69,
6280–6287.
Banning, N., Toze, S. & Mee, B. J.  Escherichia coli survival in
groundwater and efﬂuent measured using a combination of
propidium iodide and the green ﬂuorescent protein. J. Appl.
Microbiol. 93, 9–76.
Batté, M., Koudjonou, B., Laurent, P., Mathieu, L., Coallier, J. &
Prévost, M. a Bioﬁlm responses to ageing and to a high
phosphate load in a bench-scale drinking water system.
Water Res. 37, 1351–1361.
Batté, M., Mathieu, L., Laurent, P. & Prévost, M. b Inﬂuence
of phosphate and disinfection on the composition of bioﬁlms
produced from drinking water, as measured by ﬂuorescence
in situ hybridization. Can. J. Microbiol. 49, 741–753.
Batté, M., Appenzeller, B. M. R., Grandjean, D., Fass, S., Gauthier,
V., Jorand, F., Mathieu, L., Boualam, M., Saby, S. & Block,
J. C.  Bioﬁlms in drinking water distribution systems.
Rev. Environ. Sci. Biotechnol. 2, 147–168.
Baylis, J. R., Chase, E. S., Cox, C. R., Ellms, J. W., Emerson, C. A.,
Knouse, H. V. & Streeter, H. W.  Bacterial aftergrowths
in water distribution systems. Am. J. Public Health Nations
Health 20, 485–489.
Block, J. C., Haudidier, K., Paquin, J. L., Miazga, J. & Levi, Y. 
Bioﬁlm accumulation in drinking water distribution systems.
Biofouling 6, 333–343.
Camper, A. K.  Involvement of humic substances in regrowth.
Int. J. Food Microbiol. 92, 355–364.
Camper, A. K., Jones, W. L. & Hayes, J. T.  Effect of growth
condition and substratum composition on the persistence of
341 L. C. Simões et al. | Bioﬁlm monitoring with ﬂow cell and Propella™ bioreactors Water Science & Technology: Water Supply | 12.3 | 2012coliforms in mixed-population bioﬁlms. Appl. Environ.
Microbiol. 62, 4014–4018.
Chang, Y. C., Puil, M. L., Biggerstaff, J., Randall, A. A., Schulte, A.
& Taylor, J. S.  Direct estimation of bioﬁlm density on
different pipe material coupons using a speciﬁc DNA-probe.
Mol. Cell Probes 17, 237–243.
Chu, C. W., Lu, C. Y. & Lee, C. M.  Effects of inorganic
nutrients on the regrowth of heterotrophic bacteria in
drinking water distribution systems. J. Environ. Manage. 106,
1328–1335.
Codony, F., Morato, J. & Mas, J.  Role of discontinuous
chlorination on microbial production by drinking water
bioﬁlms. Water Res. 39, 1986–1906.
Deines, P., Sekar, R., Husband, P. S., Boxall, J. B., Osborn, A. M. &
Biggs, C. A.  A new coupon design for simultaneous
analysis of in situ microbial bioﬁlm formation and
community structure in drinking water distribution systems.
Appl. Microbiol. Biotechnol. 87, 749–756.
Dunsmore, B. C., Jacobsen, A., Hall-Stoodley, L., Bass, C. J.,
Lappin-Scott, H. M. & Stoodley, P.  The inﬂuence of
ﬂuid shear on the structure and material properties of
sulphate-reducing bacterial bioﬁlms. J. Ind. Microbiol.
Biotechnol. 29, 347–353.
Emtiazi, F., Schwartz, T., Marten, S. M., Krolla-Sidenstein, P. &
Obst, U.  Investigation of natural bioﬁlms formed during
the production of drinking water from surface water
embankment ﬁltration. Water Res. 38, 1197–1206.
Gagnon, G. A., Rand, J. L., ÒLeary, K. C., Rygel, A. C., Chauret, C.
& Andrews, R. C.  Disinfectant efﬁcacy of chlorite and
chlorine dioxide in drinking water bioﬁlms. Water Res. 39,
1809–1817.
Goeres, D. M., Loetterle, L. R., Hamilton, M. A., Murga, R., Kirby,
D. W. & Donlon, R. M.  Statistical assessment of a
laboratory method for growing bioﬁlms. Microbiology 151,
757–762.
Juhna, T., Birzniece, D., Larsson, S., Zulenkovs, D., Sharipo, A.,
Azevedo, N. F., Menard-Szczebara, F., Castagnet, S., Feliers,
C. & Keevil, C. W.  Detection of Escherichia coli in
bioﬁlms from pipe samples and coupons in drinking water
distribution networks. Appl. Environ. Microbiol. 73,
7456–7464.
Kalmbach, S., Manz, W. & Szewzyk, U.  Dynamics of bioﬁlm
formation in drinking water: phylogenetic afﬁliation and
metabolic potential of single cells assessed by formazan
reduction and in situ hybridization. FEMS Microbiol. Ecol.
22, 265–279.
Kerr, C. J., Osborn, K. S., Robson, G. D. & Handley, P. S.  The
relationship between pipe material and bioﬁlm formation in a
laboratory model system. J. Appl. Microbiol. 85, p29S–38S.
Kharazmi, A., Giwercman, B. & Hoiby, N.  The Robbins
device in bioﬁlm research. Methods Enzymol. 310, 207–215.
LeChevallier, M. W., Babcock, T. M. & Lee, R. G. 
Examination and characterization of distribution system
bioﬁlms. Appl. Environ. Microbiol. 53, 2714–2724.LeChevallier, M. W., Norton, C. D., Camper, A., Morin, P., Ellis,
B., Jones, W., Rompré, A., Prévost, M., Coallier, J., Servais, P.,
Holt, D., Delanoue, A. & Colbourne, J. Microbial Impact
of Biological Filtration. AWWA Research Foundation, USA,
ISBN: 0-89867-939-7.
Lehtola, M. J., Laxander, M., Miettinen, I. T., Hirvonen, A.,
Vartiainen, T. & Martikainen, P. J.  The effects of
changing water ﬂow velocity on the formation of bioﬁlms and
water quality in pilot distribution system consisting of copper
or polyethylene pipes. Water Res. 40, 2151–2060.
Liu, Y. & Tay, J. H.  Detachment forces and their inﬂuence on
the structure and metabolic behaviour of bioﬁlms. World J.
Microb. Biot. 17, 111–117.
Lund, V. & Ormerod, K.  The inﬂuence of disinfection
processes on bioﬁlm formation in water distribution systems.
Water Res. 29, 1013–1021.
Manz, W., Szewzyk, U., Ericsson, P., Amann, R., Schleifer, K. H.
& Stenstron, T. A.  In-situ identiﬁcation of bacteria in
drinking water and adjoining bioﬁlms by hybridization with
16S ribosomal RNA directed and 23S ribosomal RNA
directed ﬂuorescent oligonucleotide probes. Appl. Environ.
Microbiol. 59, 2293–2298.
McCoy, W. F., Bryers, J. D., Robbins, J. & Costerton, J. W. 
Observations of fouling bioﬁlm formation. Can. J. Microbiol.
27, 910–917.
Millar, M. R., Linton, C. J. & Sheriff, A.  Use of continuous
culture system linked to a modiﬁed Robbins device or ﬂow
cell to study attachment of bacteria to surfaces. Methods
Enzymol. 337, 43–62.
Möhle, R. B., Langemann, T., Haesner, M., Augustin, W., Scholl,
S., Neu, T. R., Hempel, D. C. & Horn, H.  Structure and
shear strength of microbial bioﬁlms as determined with
confocal laser scanning microscopy and ﬂuid dynamics
gauging using a novel rotating disc bioﬁlm reactor.
Biotechnol. Bioeng. 98, 747–755.
Morin, P. & Camper, A. K.  Attachment and fate of carbon
ﬁnes in simulated drinking water distribution system bioﬁlms.
Water Res. 31, 399–410.
Murga, R., Forster, T. S., Brown, E., Pruckler, J. M., Fields, B. S. &
Donlan, R. M.  Role of bioﬁlms in the survival of
Legionella pneumophila in a model potable-water system.
Microbiology 147, 3121–3126.
Niquette, P., Servais, P. & Savoir, R.  Impacts of pipe
materials on densities of ﬁxed bacterial biomass in a drinking
water distribution system. Water Res. 34, 1952–1956.
Norton, C. D. & LeChevallier, M. W.  A pilot study of
bacteriological population changes through potable water
treatment and distribution. Appl. Environ. Microbiol. 66,
268–276.
Parent, A., Fass, S., Dincher, M. L., Readoner, D., Gatel, D. &
Block, J. C.  Control of coliform growth in drinking water
distribution systems. Water Environ. J. 10, 442–445.
Pedersen, K.  Bioﬁlm development on stainless-steel and PVC
surfaces in drinking-water. Water Res. 24, 239–243.
342 L. C. Simões et al. | Bioﬁlm monitoring with ﬂow cell and Propella™ bioreactors Water Science & Technology: Water Supply | 12.3 | 2012Percival, S. L. & Walker, J. T.  Potable water and bioﬁlms:
a review of the public health implications. Biofouling 42,
99–115.
Pereira, M. O., Morin, P., Vieira, M. J. & Melo, L. F. 
A versatile reactor for continuous monitoring of bioﬁlm
properties in laboratory and industrial conditions. Lett. Appl.
Microbiol. 34, 22–26.
Prentice, T.  Overview. In: The World Health Report 2002:
Reducing Risks, Promoting Healthy Life (C. Murray & A.
Lopez, eds). World Health Organization, Geneva, pp. 7–14.
Prévost, M., Rompré, A., Coallier, J., Servais, P., Laurent, P.,
Clément, B. & Lafrance, P.  Suspended bacterial biomass
and activity in full-scale drinking water distribution systems:
impact of water treatment. Water Res. 32, 1393–1406.
Rogers, J., Dowsett, A. B., Dennis, P. J., Lee, J. V. & Keevil, C. W.
 Inﬂuence of plumbing materials on bioﬁlm formation
and growth of Legionella pneumophila in potable water-
systems. Appl. Environ. Microbiol. 60, 1842–1851.
Simões, M., Pereira, M. O. & Vieira, M. J. a Effect of
mechanical stress on bioﬁlms challenged by different
chemicals. Water Res. 39, 5142–5152.
Simões, M., Pereira, M. O. & Vieira, M. J. b Action of a
cationic surfactant on the activity and removal of bacterial
bioﬁlms formed under different ﬂow regimes. Water Res. 39,
478–486.
Simões, L. C., Azevedo, N., Pacheco, A., Keevil, C. W. & Vieira,
M. J.  Drinking water bioﬁlm assessment of total and
culturable bacteria under different operating conditions.
Biofouling 22, 91–99.
Simões, L. C., Simões, M. & Vieira, M. J. a The role
of microbial interactions in drinking water bioﬁlms.
In: Bioﬁlms: Coming of Age (P. Gilbert, D. Allison, M. Brading,
J. Pratten, D. Spratt & M. Upton, eds.). The Bioﬁlm Club,
Cardiff, Wales, pp. 43–52, ISBN: 0955103010.
Simões, L. C., Simões, M., Oliveira, R. & Vieira, M. J. b
Potential of the adhesion of bacteria isolated from drinking
water to materials. J. Basic Microbiol. 47, 174–183.
Simões, M., Pereira, M. O., Sillankorva, S., Azeredo, J. & Vieira,
M. J. c The effect of hydrodynamic conditions on thephenotype of Pseudomonas ﬂuorescens bioﬁlms. Biofouling
23, 249–258.
Soini, S. M., Koskinen, K. T., Vilenius, M. J. & Puhakka, J. A. 
Effects of ﬂuid-ﬂow velocity and quality on planktonic and
sessile microbial growth in water hydraulic systems. Water
Res. 36, 3812–3820.
Stoodley, P., Yang, S., Lappin-Scott, H. & Lewandowski, Z. 
Relationship between mass transfer coefﬁcient and liquid
ﬂow velocity in heterogenous bioﬁlms using microelectrodes
and confocal microscopy. Biotechnol. Bioeng. 56, 681–688.
Stoodley, P., Lewandowski, Z., Boyle, J. D. & Lappin-Scott, H. M.
 Inﬂuence of hydrodynamic conditions and nutrients on
bioﬁlm structure. J. Appl. Microbiol. 85, 19S–28S.
Szewzyk, U., Szewzyk, R., Manz, W. & Schleifer, K. H. 
Microbiological safety of drinking water. Annu. Rev.
Microbiol. 54, 81–127.
Teodósio, J. S., Simões, M., Melo, L. F. & Mergulhão, F.  Flow
cell hydrodynamics and their effects on E. coli bioﬁlm
formation under different nutrient conditions and turbulent
ﬂow. Biofouling 27, 1–11.
Tosun, I., Uner, D. & Ozgen, C.  Critical Reynolds number for
Newtonian ﬂow in rectangular ducts. Ind. Eng. Chem. Res.
27, 1955–1957.
van der Kooij, D.  Potential for bioﬁlm development in
drinking water distribution systems. J. Appl. Microbiol. 85,
39S–44S.
Vieira, M. J., Melo, L. & Pinheiro, M. M.  Bioﬁlm formation:
hydrodynamic effects on internal diffusion and structure.
Biofouling 7, 67–80.
Volk, C. J. & LeChevallier, M. W.  Impacts of the reduction of
nutrient levels on bacterial water quality in distribution
systems. Appl. Environ. Microbiol. 65, 4957–4966.
Wäsche, S., Horn, H. & Hempel, D. C.  Inﬂuence of growth
conditions on bioﬁlm development and mass transfer at the
bulk/bioﬁlm interface. Water Res. 36, 4775–4784.
Zacheus, O. M., Iivanainen, E. K., Nissinen, T. K., Lehtola, M. J. &
Martikainen, P. J.  Bacterial bioﬁlm formation on
polyvinyl chloride, polyethylene and stainless steel exposed
to ozonated water. Water Res. 34, 63–70.First received 27 October 2011; accepted in revised form 19 December 2011
